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Outline

• Rates for coherent scattering off of nuclei
• Scattering off of electrons flavor dependent
• Sensitivity to magnetic dipole moment of neutrino
• Reactor experiment coherent scattering rates
• Experimentally need low threshold detectors and 

low backgrounds achieved at a shallow site
• Also see talks tomorrow:

– Experimental Challenges and Sensitivity Reach with Phonon 
Detectors - E. Figueroa- Feliciano

– Phonon Mediated Detection and Very Low Temperature Detectors 
- N. Mirabolfathi and M. Pyle

– Solid State Dark Matter Detectors - B. Sadoulet
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Nuclear Reactor Site

• Tendon gallery
• antineutrino flux 

6x1012 per cm2 per sec
• shielding from cosmic 

rays about 20 mwe
• Ge diode experiment

- J. Collar
- P. Barbeau
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and gamma rays, and it will provide another measure of the background spectrum in our 

facility. 

 

24 m

Circular Tendon Gallery
3.0 m wide by 4.2 m high

under about 18 mwe

Reactor Core

Grade
Level

San Onofre

Reactor

 

 

Fig 47. Schematic of San Onofre reactor tendon gallery. 

 

 In addition, we are exploring a collaboration with the Felix Boehm group at 

Caltech and the Gratta group at Stanford on one kilometer baseline neutrino oscillation 

experiment at San Onofre.  Such a collaboration would lead naturally to our tendon 

gallery experiment, a location 25 meters from the core which has already been used by 

the Caltech group for their calibration runs.   

 

 

Neutrino Scattering Calculations for Reactor Neutrino Experiments 

 The largest cross-section between a neutrino and matter is the coherent nuclear 

scattering.  This process is coherent over each nucleus and is elastic.  Its only signature is 

the recoil of a single nucleus in a material such as crystalline silicon.  For a reactor 
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Model Reactor Neutrino Experiment

• A neutrino with incident energy     will scatter off 
an electron           or a nucleus     with recoil 
energy    with a cross section

for
• For neutrino scattering off electrons

• For scattering off nuclei     protons and    neutrons 

• Cross section larger than electron scattering by 
4

Eν

M = me

Z

T
dσ
dT

= GF
2M
2π

CV +CA( )2 + CV −CA( )2 1− T
Eν

⎡

⎣
⎢

⎤

⎦
⎥

2

− C
V

2 −CA
2( )MTEν

2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

0 ≤ T ≤ 2Eν
2 2Eν +M( )

CV = 2sin2θW + −( ) 1
2

CA = + −( ) 1
2

⎫
⎬
⎪

⎭⎪
  for  νe νµ  or ντ( )   and for  ν 's CA →−CA

N
CV = 2sin2θW − 1

2( )Z + 1
2( )N   and  CA = 0

M

N 2



Blas Cabrera - Stanford UniversityDirect Detection of Dark Matter Page  

100 day run with 3 kg of Si Detectors

• In princple, we can measure total neutrino flux with 
nuclear scattering and electron neutrino flux with 
electron scattering

• But backgrounds are much more difficult for electron 
scattering
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Fig 48. Coherent neutrino scattering at reactor: (a) Event rate versus 

recoil energy, (b) Monte Carlo for 100 days with 3 kg. 

 

 Fig 48a shows the recoil spectra for a 235U reactor, although other fuels give very 

similar results.  Coherent nuclear scattering and anti-νe electron scattering are shown, as 

well as anti-νµ electron scattering for use in estimating the sensitivity to oscillation 

experiments.  In order to look at the statistics for a reactor experiment, we made Monte 

Carlo models of 100 day runs with a 3 kg silicon mass.  Fig 48b shows the results for 

coherent nuclear scattering, with 0.1 keV bins.  A 0.5 keV threshold would yield 

hundreds of events per 0.1 keV at the lower energies.  The recoil energy spectrum could 

be fit with some accuracy up to about 3 keV.  
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Nuclear recoils in 300 day run
• Coherent nuclear scattering, with 0.1 keV bins. A 

0.5 keV threshold would yield hundreds of events 
per 0.1 keV at the lower energies. The spectrum 
could be fit with some accuracy up to about 3 keV.
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Fig 48. Coherent neutrino scattering at reactor: (a) Event rate versus 

recoil energy, (b) Monte Carlo for 100 days with 3 kg. 

 

 Fig 48a shows the recoil spectra for a 235U reactor, although other fuels give very 

similar results.  Coherent nuclear scattering and anti-νe electron scattering are shown, as 

well as anti-νµ electron scattering for use in estimating the sensitivity to oscillation 

experiments.  In order to look at the statistics for a reactor experiment, we made Monte 

Carlo models of 100 day runs with a 3 kg silicon mass.  Fig 48b shows the results for 

coherent nuclear scattering, with 0.1 keV bins.  A 0.5 keV threshold would yield 

hundreds of events per 0.1 keV at the lower energies.  The recoil energy spectrum could 

be fit with some accuracy up to about 3 keV.  
 

divide by 30 to 
convert y-axis to 
events per keV 
per kg per day
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Magnetic moment neutrino measurement
• Measure directly the magnetic moment of the neutrino 

through the coupling of magnetic moment to the 
electric charge of an electron or a nucleus.

• To model the effect of a neutrino magnetic moment on 
a reactor experiment, we use the additional neutrino-
electron scattering cross section,

and for coherent nuclear scattering on a spin-zero 
nucleus,

but there exists a        which is related to distance 
over which the electron or nuclear charge is screened.
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For 300 kg-day reactor experiment
• The magnetic moment 

effects can be large 
particularly for electron 
scattering. Shown are the 
simulated results of a 100 
day run with a 3 kg mass Si 
detector. 

• Potentially such an 
experiment can set a 
direct upper limit 
approaching 10-11 Bohr 
magnetons or better.
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Fig 49. Additional neutrino magnetic moment scattering: (a) Event rate 

versus recoil energy, (b) Monte Carlo for 100 day  run. 
 

 A reactor neutrino spectrum can also be used to measure directly the magnetic 

moment of the neutrino through the coupling of magnetic moment to the electric charge 

of an electron or a nucleus.  A magnetic moment of about 10-10 Bohr magnetons could 

explain the correlation between neutrinos and sunspot activity and the solar neutrino flux 

deficit .  Current direct limits are at the 4 × 10-10 Bohr magneton level.  To model the 

effect of a neutrino magnetic moment on a reactor experiment, we use the additional 

neutrino-electron scattering cross section,  
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Background considerations
• Clearly, these event rates alone mean nothing until 

we compare them with backgrounds from 
radioactivity and neutrons. 

• The CDMS experiment at SUF had nearly the 
same background considerations at 20 mwe 
overburden with a muon veto. 

• Thus the background management strategy used  
for that experiment would be directly applicable 
for the reactor neutrino detector.  

• These backgrounds are nearly all electron recoils 
from gammas and beta decays and would be largely 
removed by the discrimination of electron recoils 
versus nuclear recoils in our detectors.

9
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Stanford Underground Facility (SUF)

10

cosmic rays and from radioactivity.  Because we still have significant detector 

development research, we chose to modify an existing tunnel, converting it  into an 

underground experimental facility which provides ~ 20 mwe (meters water equivalent) of 

overburden.  The facility is located within End Station III in HEPL (Hansen Experimental 

Physics Laboratory) and is within 300 yards of the Stanford Physics Department.  Such a 

location is ideal for bringing this new detector technology into operation.  The facility 

also will be used in the future for building and testing a 3 kg mass detector which will be 

used for reactor neutrino experiments (see Section 4.2). 

 

Design of Facility 

 The Stanford Underground Facility (SUF) is shown schematically in Fig 35.  A 

previously unused beam dump was extended by 50 feet as shown in the drawing.  Also 

shown is a cross-section of the new tunnel experimental area.  It measures 12 feet wide 

and 12 feet high at the center.  The top of the new tunnel section is 35 feet below grade 

level.  The construction was completed in March, 1992.  The construction project cost 

were $250,000, with Stanford University contributing 47% in cost-sharing, the CfPA 

(NSF supported) 25%, and the Stanford group DOE Grant 28%. 
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Fig 35. Schematic of Stanford Underground Facility (~ 20 mwe). 
 

 Neutrons are the dominant background of concern at any experimental site.  All 

other sources (alpha, beta or gamma radioactivity in the laboratory structure or the 

apparatus immediately surrounding our detectors) can be avoided through local shielding, 

careful selection of materials, discrimination with respect to the ionization versus heat 

produced in the detectors, and fiducial volume cuts.  Events caused by highly-penetrating 



Blas Cabrera - Stanford UniversityDirect Detection of Dark Matter Page  

CDMS backgrounds at SUF
• Upper two plots 

for Si detectors
• Left muon 

coincident
• Right muon anti-

coincident
• Lower two plots 

for Ge detectors
• Left muon 

coincident
• Right muon anti-

coincident
11
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(a) (b)

(c) (d)
Figure 2.5: Background spectra of events in the inner electrodes of the Si QET (top) and Ge NTD
(bottom) detectors at Stanford. On the left are shown the rate of photons and neutrons coincident with
muons. The deviation of the measured neutron rates from the Monte Carlo predictions (black dashed
lines) at low energies is due to contamination by electron-recoil events allowed by poor discrimination.
On the right are the spectra of photons, betas (surface events) and potential nuclear recoils anti-coincident
with muons.  The filled histogram in Fig. (d) indicates the muon-anti-coincident nuclear-recoil spectrum
excluding the topmost detector.  The dot-dashed line indicates the efficiency for detecting nuclear-recoil
events. While the surface-event discrimination of the QET removes nearly all background events >20
keV, the improved Ge detectors intrinsically have very little background.
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Figure 2.5: Background spectra of events in the inner electrodes of the Si QET (top) and Ge NTD
(bottom) detectors at Stanford. On the left are shown the rate of photons and neutrons coincident with
muons. The deviation of the measured neutron rates from the Monte Carlo predictions (black dashed
lines) at low energies is due to contamination by electron-recoil events allowed by poor discrimination.
On the right are the spectra of photons, betas (surface events) and potential nuclear recoils anti-coincident
with muons.  The filled histogram in Fig. (d) indicates the muon-anti-coincident nuclear-recoil spectrum
excluding the topmost detector.  The dot-dashed line indicates the efficiency for detecting nuclear-recoil
events. While the surface-event discrimination of the QET removes nearly all background events >20
keV, the improved Ge detectors intrinsically have very little background.
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Detailed analysis of SUF data

• Top plot is combined Ge 
(upper panel) and Si 
(bottom panel) WIMP 
candidate event rates as a 
function of recoil energy.

• Bottom plot is ionization 
yield vs recoil energy for 
unvetoed single scatters 
for Ge (top panel, Z5 6 V) 
and Si (bottom panel, Z4 3 
V) WIMP searches

• From PHYSICAL REVIEW D 82, 122004 (2010)
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suggested in [30], the low-mass WIMP sensitivity of this
analysis could be severely impacted.

An upper limit on the fraction of channeled events near
threshold can be calculated with the 252Cf data plotted in
Fig. 4. For recoil energies between 2 and 6 keV, the fraction
of events with ionization yield above the nuclear-recoil
band is less than 4%. Although this rate is higher than
the rate of electron recoils observed without the source
present, neutron interactions with materials near the detec-
tors can lead to secondary gamma rays. In particular,
neutron captures on hydrogen in the inner polyethylene
shielding yield a continuum of electron-recoil energies due
to the 2.2 MeV photons released in the process, biasing our
channeling upper limit high. There were also several
!1 MeV photons emitted directly from the 252Cf source
with each fission. A limit on the channeling fraction that
is less conservative, by incorporating a Monte Carlo
estimate of the rate of nonchanneled electron recoils during
252Cf calibrations, is beyond the scope of this paper.
Nevertheless, we do not see significant evidence of a
channeling effect in our data that is large enough to appre-
ciably affect the efficiencies estimated in this analysis. We
therefore ignore the effect of ion channeling, a decision
that is supported by the recent and more sophisticated
models developed by Bozorgnia et al. [31], which indicate
that ion channeling for cryogenic Ge and Si targets is
effectively nonexistent for low recoil energies.

IV. RESULTS

A. Candidate events

Following application of the analysis cuts and phonon
software thresholds, a substantial residual rate of events is
observed in the low-threshold signal region. We restrict our
attention to events with recoil energies between 0.5 keV
(1 keV) and 100 keV for the Ge (Si) detectors, yielding a
total of 1080 Ge and 970 Si candidate events. The number
of raw live days and corresponding number of candidate
events for each detector and bias voltage are listed in
Table IV. The combined Ge and Si recoil-energy spectra
are shown in Fig. 8, where the event rates have been

successively corrected by the average efficiencies for the
analysis cuts, and then by the average hardware and soft-
ware thresholds. Since the recoil-energy spectra and the
former efficiencies are functions of Q-corrected recoil
energy, before dividing out the latter efficiencies they are
converted from YNR-corrected toQ-corrected recoil energy
by smearing with the ionization noise.

B. Backgrounds

Although the recoil spectra resemble in shape the dis-
tributions expected for WIMP interactions, the events in
the signal region are likely due to several types of unrelated
background processes consisting of electron recoils, zero-
ionization events, 14C contamination particular to Z6, and
nuclear recoils from cosmogenic neutrons. We will not
subtract these events, but will accept them as candidates
for the purpose of calculating upper limits on a WIMP
signal; this is the most conservative treatment of these data.
A few background populations are particularly evident

in plots of ionization yield versus recoil energy. The signal
regions and candidate events for representative Ge and Si
detectors are displayed in Fig. 9. The most easily identified
background is specific to the Ge detectors. The distinct
1.3 keV line between 1 and 3 keV in recoil energy accounts
for a substantial number of the candidate events. On aver-
age, the internal electron capture x rays or Auger electrons
from the decays of 68Ge and 71Ge have unit ionization
yield. Because of the relatively low signal-to-noise ratio at
these energies in both phonons and ionization, however,
electronic noise induces a large tail of electron recoils to
low ionization yield. The feature is tilted with respect to the
recoil-energy axis because of anticorrelation between the

TABLE IV. The number of raw live days and corresponding
number of WIMP candidate events for each detector and WIMP
search following application of the analysis cuts and energy
thresholds is listed. The smaller exposure and corresponding
number of candidates for the Z2 6 V data is due to the event
burst cut.

3 V exposure 6 V exposure
Detector Live days Candidates Live days Candidates

Z2 66.12 159 20.16 67
Z3 66.12 129 51.66 349
Z4 66.12 130 51.66 125
Z5 66.12 174 51.66 202
Z6 66.12 401 51.66 314
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FIG. 8 (color online). The combined Ge (top panel) and Si
(bottom panel) WIMP candidate event rates as a function of
recoil energy. The uncorrected event rates (blue/dark thin solid
lines) are compared to the efficiency corrected event rates. The
latter are successively corrected by the exposure-weighted
detector-averaged efficiencies of the analysis cuts (black/dark
thick solid lines), and then by the detector-averaged hardware
and software thresholds (orange/light thin solid lines).
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numerator and denominator of the ionization yield expres-
sion. Leaked electron recoils from the 1.3 keV line account
for !20% of the Ge candidates in the 3 V WIMP search,
and for approximately one-third (Z3) to one-half (Z2 and
Z5) of the Ge candidates in the 6 V WIMP search.
The fraction is greater for the 6 V data because extensive
252Cf neutron calibrations were performed prior to this data
period, enhancing the levels of 71Ge via thermal neutron
capture.

Although more prominent for the Si detectors, both the
Ge and Si detectors are afflicted by a distribution of events
with nearly zero ionization yield. Close examination re-
veals that these ‘‘zero-charge’’ events possess ionization
signals indistinguishable from electronic noise. They are
otherwise normal events with recoil energies as large as
100 keV in some instances. The distribution of zero-charge
events for the Si detector in Fig. 9 spans the full analysis
energy range, and clearly crosses into the signal region for
recoil energies & 7 keV, constituting the majority of this
detector’s candidate events. A possible explanation is
that these events were the result of recoils that occurred
near the side edges of the ZIP detectors, where electric field
lines did not span the detectors’ 1 cm thicknesses.
Ionization occurring along field lines that terminate on a
detector’s edge rather than on an electrode is not properly
drifted across the crystal, resulting in no signals in either
the inner or outer ionization electrodes. For recoil energies
* 10 keV, the zero-charge events’ xy positions can be
reliably reconstructed, and tend to cluster near detector
edges. Past analyses of CDMS data have avoided

zero-charge events by requiring WIMP candidates to
have a minimum ionization energy, analogous to the pho-
non software thresholds described above. Unfortunately,
an ionization threshold would severely limit our WIMP
detection efficiency for recoil energies & 5 keV.
The significantly higher event rate for Z6 is believed to

be due to 14C surface contamination. Prior to run 21, during
testing at one of the CDMS test facilities, Z6 was operated
in close proximity to a detector that had been previously
exposed to a 14C calibration source with faulty encapsula-
tion, accidentally contaminating one of its surfaces with a
low level of the isotope. For this reason, Z6 was placed at
the bottom of the detector tower with its contaminated
surface facing away from the adjacent detector. Beta de-
cays of 14C produce electrons with an average energy of
!50 keV and a maximum energy of !156 keV. Beta
radiation in this energy range will interact entirely within
a ZIP detector’s !10 !m surface dead layer, where the
charge collection efficiency is considerably reduced. These
events have reduced ionization yield, and populate the gap
between the bands of electron and nuclear recoils when
plotted in the fashion of Fig. 9, with a substantial number
leaking into the signal region. Although surface events
can be rejected with high efficiency for recoil energies
* 10 keV through a combination of phonon and ionization
pulse timing parameters, the near-threshold WIMP detec-
tion efficiency cannot be preserved.
Leakage of electron recoils into the nuclear-recoil band is

a component of each detector’s candidate events, although
the source is usually Compton scatters of photons. The
discrimination based on ionization yield breaks down as
the recoil energy decreases, until at the ‘‘crossover energy’’
the electron- and nuclear-recoil bands significantly overlap.
The crossover energy varies from !3 keV (Z5 3 V) to
!7 keV (Z6 6 V). More Neganov-Luke phonons are pro-
duced when the detectors are run at higher bias voltage,
causing degradation in both the recoil-energy resolution
and the yield-based discrimination. Consequently, ZIP de-
tectors perform better as low-threshold detectors with
the lower 3 V bias voltage. Scaling calibration data from
a 60Co source results in the estimate that only a few
Compton electron-recoil events per detector leak into the
nuclear-recoil band for recoil energies above the crossover
energy.We have not devised a reliable method of estimating
the contribution of Compton electron-recoil leakage for
recoil energies below the crossover energy. We estimate
that 10% to 20% of the WIMP candidates are actually
electron recoils from Compton scatters.
The highest-energy signal events are largely due to the

neutron background associated with the SUF’s modest
overburden. Muons (and hadronic showers produced by
them) occasionally broke apart nuclei in the rock surround-
ing the experiment, expelling high-energy neutrons with
sufficient energy to punch through our shielding and create
lower-energy neutron secondaries within the shielding
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FIG. 9 (color online). Ionization yield versus recoil energy for
unvetoed single scatters passing the data-quality and fiducial-
volume cuts (all dots) for representative Ge (top panel, Z5 6 V)
and Si (bottom panel, Z4 3 V) WIMP searches. Each detector’s
signal region is outlined in this plane by its nuclear-recoil band
(blue/dark solid lines), phonon energy software threshold
(yellow/light solid lines), and the extent of the horizontal axis.
Although these regions are partially cut off from above and
below, all 202 Z5 6 V and 130 Z4 3 V WIMP candidate events
(red/dark dots) can be seen.
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CNS - Recoil Energy Scale is lower
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CNS - Reactor Trigger Thresholds
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Athermal Phonon Detection Principles

15

Athermal(Phonon(Detec%on(Principles(
•  Become(insensi%ve(to(Cabsorber(by(

collec%on(and((concentra%on(of(
Phonons(

•  More(Complex(

•  Collec%on(efficiencies((ε)(

–  Theore%cal(Max:(~40%(
–  Best(Measured:(20±4%(

–  CDMS(II:(1,4%(
–  SuperCDMS(<ε>:(~12±3%(

–  Ac%ve(Research(Area(for(
Stanford(SuperCDMS(

•  Not(New(,>(CDMS(technology(
(10+(yrs)(

15(

VW/Vabsb~109 

from M. Pyle

QET (quasiparticle trap assisted 
electrothermal feedback 
transition edge sensor)



Blas Cabrera - Stanford UniversityCoherent Neutrino Scattering Workshop Page  

Advanced IZIP Detectors
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(PI S. Golwala) led a S4 development e↵ort: NSF/PHY-0919599, “Development of a Technical
Design for the Germanium Observatory for Dark Matter at DUSEL”($1,299,462 total, $112,708 to
V. Mandic, $249,382 to M. Huber). We describe below the scientific results from these awards, the
advances they allowed on iZIP detectors and the longer term R&D they enabled.
3.1 Science results

These awards allowed us to play a pioneering role in WIMP science.The high signal to noise and
the superior background rejection of our technology, have allowed CDMS II to lead the field for
many years despite a relatively small target mass of 4 kg of Ge ([9], [17], [26], [27], [28], [29], and
[30]). The most recent results are displayed in Figure 1a. We have also used the same data to place
limits on the recent low mass WIMPs claims which are particularly robust as we do not attempt to
subtract backgrounds that tend to be highly uncertain in rare event experiments [9, 22].
3.2 IZIP detectors

NSF and DOE support has also been essential in the development of our low temperature detectors,
in particular the demonstration, in the last few years, of our new interleaved technology (iZIP) based
on a concept first demonstrated by P. Luke et al [31]. Figure 2 (Left) shows the current electrode
layout. A detail of the resultant electric field near the surface of the Ge detector is shown in Fig. 2
(Right). Recoil events deeper than 1 mm will liberate charges that will drift to both faces of the
crystal; whereas events near one surface will only generate a signal in that surface’s instrumented
ionization readout.
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Figure 2: Left: Phonon and charge sensor layout for iZIP detector deployed at Soudan. The Ge crystal is 76 mm
in diameter, 25 mm thick. The two faces are instrumented with interdigitated Ionization (40 µm wide) and phonon
TES rails (the thicker meanders) with ⇠ 1 mm pitch. The phonon sensors are arranged to give 4 phonon readout
channels for each face, an outer sensor surrounding three inner ones. The sensor Right: Magnified cross section view
of electric field lines (red) and equipotential contours (blue) near the bottom face (Z = 0 mm) of a SuperCDMS iZIP
detector . The charge electrode lines (yellow) are narrower than the athermal phonon collection sensors (green).

In addition to the interdigitated electrode structure rejecting near-surface events, we instrument
the outermost ionization bias electrodes as a guard veto. An outer phonon channel also allow us to
measure the radial position of events. This maximizes our rejection of perimeter background events
down to much lower recoil energies (⇠1 keV) than was possible in CDMS II at the cost of only a
modest loss of fiducial volume.

The ionization energy resolution is dependent on the capacitance of the electrode structure.
Using photolithographic techniques we can fabricate electrode structures down to a few microns in
width to reduce this capacitance. In practice, limitations are imposed by the maximum sustainable
electric field approaching the charge electrode lines. For SuperCDMS Soudan we found improved
performance for an electrode width of 40µm compared to an alternative design with a width of
8µm. Understanding and optimizing this electrode width is one avenue of our investigations that
we will pursue during this R&D program.

The phonon sensors utilize the advance athermal phonon sensor technology (ZIP) developed for
CDMS II [32]. Another major advantage of the iZIPs is the ability to measure phonons on both

5

faces of the Ge substrate and thus discriminate against the near surface events based on the phonon
response asymmetry that we discuss in more detail in the next section.
3.2.1 iZIP performance at both surface test facilities and Soudan

The performance of two SuperCDMS Soudan (76 mm) iZIP prototypes was studied at the UCB
test facility. As seen in Fig. 3 (Left), electron and hole excitations from a 356Ba gamma source
(shown in blue) are collected on the instrumented electrodes of both faces of the detector because
the interactions take place in the bulk volume of the detector. Events from an internal 109Cd beta
(surface event) source (shown in red) undergo carrier transport along the face and produce strongly
asymmetric signals. Cosmic induced nuclear recoils, taking place at a rate of 90 events/kg/hr, are
an irreducible background found at the surface facility. These events limit the ability to directly
measure the number of surface events leaking past the charge fiducial volume cuts into the expected
WIMP signal region. However, the region just outside the signal region, between the electron recoil
and nuclear recoils bands, is dominantly populated by betas from the 109Cd source. Using this
event population, an upper limit on the probability for a surface event to leak just past the fiducial
volume estimator within the energy range of 8keVr < Er < 60keVr was found to be < 2.0x10�5(at
90% C.L.). Using these criteria, a 74% (at 90% C.L.) WIMP passage fraction was measured with
a 252Cf neutron source. These rates surpass the requirement to have less than 0.1 surface event
leakage over the lifetime of a 100 kg SuperCDMS experiment.

Figure 3: Left: Measured side 1, electron, (y axis) and side 2, hole, (x axis) excitations for electronic recoils, allowing
identification of bulk (blue) and surface (red) events. Right: Phonon energy collected on side 1 (x axis) and side 2 (y
axis) at low energies, allowing identification of bulk events (green) and surface events (all others). Events misidentified
in the left figure as bulk (blue) or identified correctly as surface (red) are also shown, indicating that phonon-based
discrimination is e↵ective to lower energies than the charged-based discrimination is.

Additional position information is encoded in the phonon signal. This can be used to augment
charge fiducial estimators, particularly for the very low-energy recoils expected from light WIMPs.
In this energy region, charge amplifier noise renders our standard charge fiducial volume estimators
less e↵ective. The test facility performance, shown in Fig. 3 (Right), indicates that full 3D fiducial
volume can be achieved down to 2keVnr with surface event leakage of 1±1 ⇥ 10�2 and a WIMP
passage rate of 50±10%. We expect these results to be conservative compared to SNOLAB perfor-
mance owing to degradation of the phonon resolution from low-frequency environmental electronic
noise and long thermal tails for muons seen at the UCB test facility.

Fifteen iZIP detectors have been cold and operational at Soudan since the beginning of 2012.
At the deep site, direct measurements of surface event leakage into the WIMP signal region are
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• Two detectors with one Pb210 decay every min 
operated for 20 live days corresponds to more 
than total Pb210 events for SuperCDMS Soudan 
and even for future 200 kg SuperCDMS SNOLAB

SuperCDMS Soudan Operations Plan 
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Figure 4: Response of iZIPs to betas and neutrons. Left: Nuclear recoils from 252Cf (green) and bulk 
electron recoils (blue) have symmetric ionization response between the two sides of the iZIP. Surface 
events from the 210Pb source (red), installed on side 1 of the detector, have an asymmetric response. 
Right: Ionization yield versus phonon recoil energy for the same data, with 2 sigma ionization yield 
selection of neutrons indicated by the green lines. The sloping black line is the ionization threshold (2 
keV) and the vertical black line is the recoil energy threshold (8 keVnr). The 210Pb source produces 
electrons in the 10-100 keV range at a rate of 70 events/hour. These populate the region between the 
electron recoil and nuclear recoil bands at an ionization yield of ~0.6. In addition to the electrons, the 
recoiling 206Pb nucleus from the 210Po alpha decay is also seen with an ionization yield of ~0.2, clearly 
ending at the 103 keV endpoint energy of the decay and confirming that we understand our nuclear 
energy scale. 
 
Studies performed at the Berkeley test facility have shown that partitioning of energy between 
phonon sensors on the two faces of the detector can also be used to achieve surface/bulk 
discrimination down to 2 keVnr. In cases where charge information is degraded, the outer 
phonon guard channels can also be used to identify events that take place at larger radius in 
the detector.  Finally, phonon signal pulse shapes exhibit significant differences between 
surface events and bulk events.  As the analysis of the Soudan data is refined, we will explore 
the use of phonon information to further improve rejection of surface events at low energies and 
diagnose systematic effects in the ionization-defined fiducial volume. 
 
3.2 Cryogenics 
 
The cryogenics system at Soudan, originally designed for the CDMS II experiment, consists of a 
commercial dilution refrigerator with cooling power of 400 uW at 0.1 K, ultra-pure copper cans to 
house the detectors, copper stems to carry heat from the detectors and bring their signals to 
room temperature, a cryocooler to remove excess heat at 4 K and 77 K, reliquifiers to maintain 
liquid helium and liquid nitrogen levels in the dilution refrigerator and all of the associated 
plumbing, instrumentation, controls and pumps to service the system.  
 

Pb210 Source Data from SuperCDMS Soudan
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206Pb 103 keVnr end pt

10 keVee line 
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Optimize QET design
• Detailed testing of fabrication techniques 

using 2.6 keV x-rays allow us to measure 
the quasiparticle trapping length and the 
transmission from Al fins to W TESs
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Further Optimization of Al Fins
• Adjust length of Al fins to optimize quasiparticle 

collection into TES lines
• Adjust length of W lines to avoid phase separation 

along each line
• Adjust W transition temperature to optimize 

energy resolution
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We calculate 
transition width 
from power curve 
using

PJ = Σ Te
5 − Tph

5( )

also remember that the “Luke effect” phonons from 
electrons and holes drifting in an electric field are ballistic 
for low bias voltages and may also aid in the discrimina- 
tion of nuclear recoils versus electron recoils [ 14,161. 

After LTDS. the Stanford group was able to operate high 
impedance W TESS with a TC - 80 mK and a transition 
width of -1 mK. At this lower temperature, the thermal 
conduction between the film and the substrate is dominated 
by the electron-phonon decoupling so that TV,, grows to 
-300 ps and these films can be biased at the steepest point 
of their resistive transition. The electronics limited rise 
time is then -15 ps for a sensor bias resistance of -I MCI. 
Although these devices were too slow to sense the prompt 
phonon component of the signal in 1 mm thick Si crystals, 
the sensitivity had increased to the point where “Fe events 
could be detected throughout a $g Si crystal. However, 
even for two sensors 5 mm apart center to center, varia- 
tions in TC made it difficult to bias the crystal temperature 
so that both sensors were simultaneously at their most 
sensitive point. In addition. the high impedance readout 
proved very microphonic and the crystal temperature bias 
required high stability. As we shall see below, these 
problems and others are solved by going to a low-impe- 
dance voltage-biased SQUID-based readout. 

5. Superconducting transition thermometers with 
SQUID readout 

At LTDS, the Munich group introduced their use of a 
low impedance SQUID amplifier to readout a Ir/Au 
proximity bilayer and a W film for superconducting 

/Munich\ 

0.1 1 10 100 

R W &hunt 

Fig. 2. Different sensor bias schemes using parallel shunt resistor 
and SQUID readout. 

transition thermometers [ 171. Since that time, they have 
demonstrated a FWHM resolution of 99 eV at I .5 keV for a 
31 g sapphire crystal using a tungsten film with a TC near 
the bulk value of I5 mK [ 181. This pioneering work on the 
use of low impedance SQUID amplifiers to read out 
superconducting transition thermometers demonstrated the 
reduced sensitivity to the microphonics problems seen with 
high impedance devices and the simplicity of the design 
using a single pad of W connected in a parallel resistor 
bias mode (see Fig. 2). In addition, at low temperatures the 
sensitivity to the athermal phonons was enhanced and the 
coupling to the thermal phonons suppressed. In these 
detectors. the phonons from an event scatter off of the 
crystal surfaces many times until they are absorbed by the 
relatively small area coverage of the sensor. The position 
sensitivity is reduced allowing a single read out channel 
with high spectral resolution. 

6. Hot electron microcalorimeters with SQUID 
readout 

Also at LTDS, the NIST group and the Grenoble group 
introduced the idea of using an SIN tunnel junction as a 
thermometer to sense the temperature rise of a normal pad 
that forms one electrode of the junction [ 191. The NIST 
group calculated an impressive theoretical resolution of a 
few eV for an X-ray detector. Since that time, they have 
demonstrated a FWHM resolution of 22 eV with a pulser 
width of 17 eV using a Au absorber connected electrically 
to the Ag SIN normal electrode [20]. This resolution has 
exceeded the best results of the SIS tunnel junction 
detectors for comparable absorber mass at 6 keV, and is 
aided by an ultra-thin (-1 km) Si,N, substrate under the 
absorber that greatly reduces phonon losses. In addition. 
the SIN junction does not require the application of a 
magnetic field [3]. The electronics readout circuit is based 
on a low impedance SQUID amplifier readout scheme 
which uses high-bandwidth (-1 MHz) and low input 
inductance (-0.25 ~_LH) SQUID amplifiers. These were also 
developed at NIST [21] and utilize a series array of about 
200 SQUIDS to match the output impedance to that of 
simple and inexpensive room temperature electronics. 
These amplifiers are being optimized for particle detector 
applications through a collaboration of NIST, HYPRES 
and Stanford, and will soon be more readily available 
commercially. 

Over the past six months, NIST has implemented the 
superconducting transition thermometery with negative 
electrothermal feedback, developed at Stanford (see next 
section) for a high resolution X-ray microcalorimeter. It is 
a similar design to that of the SIN device, and already the 
early results reported at LTD6 have surpassed the impres- 
sive performance of the SIN devices [22] in terms of the 
energy resolution per absorber mass. 
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Transition Temperature Gradient Problem 

• Voltage biased TES sensors where invented to solve the Tc 
gradient problem for large area sensors
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With current bias, 
there did not exist a 
bias temperature for 
all, but with self 
voltage biasing all at 
high sensitivity.
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• Electrothermal Feedback
– Voltage bias intrinsically stable

– Fast response

– High Sensitivity

Thermal Model

CelW

CphW

CphSi

TelW

TphW

TphSi

PJ

Gep

GWSi

GSiCu
Cu

Time
photon

electron-phonon
interaction limits
conductance at 
low temperatureC dT

dt
=

VB
2

R
− Σ Te

n − Tph
n( ),   n = 5

τetf =
τ0

1 + α n
,  τ0 =

C
g

,   g = nΣTe
n-1

ΔEFWHM = 2.355 4kB Te
2 C n

2 α = 2.355 4kB Te PJ τetf
n
2

For Esat ~ CTe α = PJ τetf( ) = 10 keV then ΔEFWHM = 1.1 eV
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Summary
• Interesting science applications at low energy

– neutrino-nucleus coherent scattering

– searches of sterile neutrinos
– limits on neutrino magnetic dipole moment
– ultra-light dark matter candidates (~MeV)

• iZIP advanced detectors reject surface electrons
– interleaved design allows identification of surface events

– preserves timing discrimination 
– demonstrated nuclear recoil discrimination with phonons

• Sub - 100 eV thresholds seem technically possible
– Tc3 scaling for athermal phonon detectors shown
– Optimize detector design to maximize phonon collection
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